ribosomal deoxyribonucleic acid transcription; diabetic kidney disease; hypertrophy; mammalian target of rapamycin; ribonucleic acid; polymerase I CHARACTERISTIC FEATURES OF diabetic kidney disease include renal hypertrophy and accumulation of extracellular matrix (ECM) proteins. Both of these manifestations require augmented protein synthesis. It is generally recognized that mRNA translation is a key regulatory event in gene expression culminating in peptide synthesis (14) . Ribosomes are the sites of peptide synthesis. The eukaryotic ribosome consists of a 60S subunit, which contains 28S, 5.8S, and 5S ribosomal RNAs (rRNAs) and 49 ribosomal proteins and a 40S subunit composed of the 18S rRNA and 33 ribosomal proteins (16) . rRNA and proteins spontaneously fold into functional conformation based on their primary sequence (44) . Inactivation of rRNA rather than the protein component of the ribosome inhibits protein synthesis, stressing the importance of rRNA in translation (32) . rRNA is the most abundant form of RNA in the eukaryotic cell. Cell hypertrophy is known to be associated with increased 18S rRNA synthesis and augmented Ser 388 phosphorylation of upstream binding factor 1 (UBF1), the nucleolar rDNA transcription factor that belongs to the highmobility group family of proteins (27) . Reversible phosphorylation of UBF at Ser 388 plays a key role in modulating its DNA-binding activity and its interaction with other components of the transcriptional apparatus (39) . However, the signal transduction pathways involved in this process are poorly understood.
Enhanced rate of protein synthesis is a result of increased translational rates by existing ribosomes (translational efficiency) and/or synthesis and recruitment of additional ribosomes (translational capacity) (42) . Translational capacity is determined by the availability of components of the protein synthetic apparatus, including ribosomes, tRNAs, and translation factors. Accelerated synthesis and accumulation of ribosomes are fundamental for efficient cell growth and proliferation (27) . Ribosomal biogenesis can be considered in two parts: generation of ribosomal proteins and rRNA. Much of the acute demand for ribosomal proteins arising from a growth stimulus is met by increased translation of encoding mRNAs (28) . rRNA synthesis is stimulated through interaction of RNA polymerase I (RNA Pol I) with UBF (7, 34) , selectivity factor 1, and factors containing the TATA-binding protein (8) . Ribosomal gene transcription (rDNA transcription) by Pol I is a major rate-limiting step in ribosome biogenesis (13, 45) .
Regulation of ribosomal generation in the kidney in diabetes, a setting in which protein synthesis is sustained for prolonged periods of time to induce parenchymal hypertrophy and deposition of matrix proteins, has not been studied. Glomerular epithelial cells (GECs) are important contributors to ECM production and accumulation in the glomerulus leading to matrix expansion and thickening of the glomerular basement membrane, a cardinal manifestation of diabetic kidney disease. We hypothesized that high glucose induces ribosomal biogenesis as indicated by the increase in rRNA synthesis in the setting of augmented protein synthesis in the GECs.
MATERIALS AND METHODS
Cell culture. Rat GECs, kindly provided by Dr. Jeffrey Kreisberg (Department of Surgery, University of Texas Health Science Center at San Antonio), were cultured as described previously (15) . GECs display several of the characteristics of visceral GECs in vivo, including expression of Heymann nephritis antigen (38) , CD2AP, laminin, fibronectin, and basement membrane heparan sulfate proteoglycan (15) and sensitivity to puromycin aminonucleoside (17) . GECs were grown in DMEM containing 7% FBS, 5 mM glucose, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamine. GECs were incubated with normal glucose (5 mM glucose), high glucose (30 mM glucose), or mannitol (5 mM glucose ϩ 25 mM mannitol) as osmotic control for the indicated time points.
Extraction of nuclear and cytoplasmic fractions. Nuclear extracts from cells and tissues were prepared using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific-Pierce Biotechnology, Rockford, IL) according to the manufacturer's instructions. Purity of the nuclear fraction was ascertained by immunoblotting with lamin b antibody and that of cytoplasmic fraction with GAPDH antibody (Abcam, Cambridge, MA).
Immunoblotting. Previously described methods were employed (23) (24) (25) . Equal amounts of protein from cell lysate or nuclear extract were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and probed with primary antibody for 3 h. Primary antibodies were from Cell Signaling (Beverly, MA) if not otherwise mentioned. Laminin ␥1, UBF, phospho-UBF, and RPA194 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA), and fibronectin antibody was from Sigma (St. Louis, MO). After being washed, the membrane was incubated with peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology). Proteins were visualized by chemiluminescence using the enhanced chemiluminence reagent (Thermo ScientificPierce Biotechnology). Images of the bands were scanned by reflectance scanning densitometry, and the intensity of the bands was quantified using Scion Image software (23, 25) .
Immunoprecipitation and immunoblotting. We have previously described the methods employed (23) (24) (25) . Nuclear extracts (300 g protein) from cells treated with or without high glucose for the indicated time points were incubated with RPA194 antibody or UBF antibody at 4°C for 3 h. Washed protein A/G Agarose beads (20 l) were added, and the samples were rotated for a further 1 h. The beads were washed three times with RIPA buffer containing 0.5% Nonidet P-40 followed by washing with 1ϫ PBS one time. The samples were boiled, separated on SDS-PAGE, transferred, and Western blotted with anti-UBF or anti-p19ARF.
Transfections. GECs were transiently transfected with empty vector plasmids or plasmids containing dominant-negative construct for Erk2 MAP kinase (kindly provided by Dr. T. W. Sturgill, University of Virginia) and inactive (pRc/CMV-FLAG-UBF1/S388G) or constitutively active (pRc/CMV-FLAG-UBF1/S388D) constructs of UBF1 (kindly provided by Dr. Renate Voit, German Cancer Research Center, Heidelberg, Germany), mammalian target of rapamycin (mTOR)-S2481A (kindly provided by Dr. S. L. Schreiber, Harvard University, Boston, MA), and p70S6 kinase-K100R (kindly provided by Dr. John Blenis via Addgene, Cambridge, MA). Transfection was performed using Fugene HD reagent (Roche, Pleasanton, CA) according to the manufacturer's protocol.
Protein synthesis measurement. Serum-starved cells incubated with 30 mM glucose were labeled with 10 Ci/ml of [ 35 S]methionine (Perkin-Elmer, Waltham, MA) for the terminal 2 h of incubation (22) . Before serum starvation, cells were tranfected with indicated plasmid constructs or treated with respective inhibitors before adding glucose. Cells were washed in PBS and lysed in radioimmunoprecipitation assay buffer. Cell protein content was measured with Bio-Rad reagent (Bio-Rad, Hercules, CA). An equal amount of protein (30 g) was spotted onto the 3-mm filter paper (Whatman). Filters were washed three times by boiling for 1 min in 10% TCA containing 0.1 g/l methionine. The filter papers were air-dried, and radioactivity was determined using a liquid scintillation counter.
Luciferase reporter assays. Cells were plated in a 6-or 12-well plate and allowed to grow for 24 h. Ribosomal DNA promoter-IRESluciferase reporter plasmid (kindly provided by Dr. Samson T. Jacob, Ohio State University, Columbus, OH) (6) and inactive plasmid constructs of Erk, UBF1, or p70S6 kinase were cotransfected using Fugene HD (Roche) transfection reagent according to the manufacturer's protocol. All transfections containing equal amounts of DNA (1 g/ml media), were allowed to grow for 24 h, changed to serumfree media overnight, and treated as described above. Cell lysates were prepared using passive lysis buffer and assayed for luciferase activity using a luciferase assay kit (Promega, Madison, WI) according to the manufacturer's protocol (3). Luciferase activity was expressed as arbitrary units per milligram protein, and changes were shown in terms of percent of control.
Animal study. Animal protocols were approved by the Institutional Animal Care and Use Committee. The C57BL6/KsJ lepr Ϫ/Ϫ db/db mice, a model of type 2 diabetes, and its lean littermates (db/m) (Jackson Labs, Bar Harbor ME) were maintained on regular laboratory chow. Blood glucose concentration was monitored for emergence of diabetes. In the present study, lean littermate control and diabetic mice were studied in the early phase, after 2 wk of onset of hyperglycemia. The db/db mice develop renal hypertrophy at 2 wk following onset of diabetes (9, 36, 37) . Mice were killed at the end of the experimental period, and renal cortex was dissected out and processed for further analysis. To induce type 1 diabetes, male Sprague-Dawley rats weighing 200 -220 g (Harlan, Indianapolis, IN) received a single injection of 60 mg/kg streptozotocin in citrate buffer (pH 4.5) in the tail vein (21) . The rats became diabetic the next day as indicated by elevation in blood glucose concentration, which was measured by a glucometer (Ascensia Elite XL, Mishawaka, IN). On day 4 of hyperglycemia, rats were killed, and the renal cortex was dissected out for further analysis. Body weight and blood glucose concentration were measured daily in both rodents during the course of the study.
Immunofluorescent staining of kidney tissues. Snap-frozen renal cortex from db/db type 2 diabetic mice along with their respective control db/m mice tissues were used for immunofluorescent studies using phospho-UBF and synaptopodin antibodies. Immunofluorescence histochemistry was performed as previously described (4). Six-micrometer-thick frozen kidney sections were cut using a cryostat and allowed to air-dry for 45 min. The sections were fixed in ice-cold acetone for 5 min, air-dried, and then rehydrated in PBS and 1% BSA. To identify podocytes, tissues were stained with a goat anti-synaptopodin antibody (Santa Cruz Biotechnology) followed by FITClabeled donkey anti-goat IgG (Chemicon). After being washed, the sections were stained with a rabbit antibody directed against phospho-UBF (Santa Cruz Biotechnology) followed by Cy3-labeled donkey anti-rabbit IgG (Chemicon, Temecula, CA). After being mounted under glass cover slips, the sections were viewed, and digital images of random glomeruli representing each fluorochrome were taken using an AX70 Research microscope and a DP70 digital camera (Olympus, Melville, NY).
Statistical analysis. All values are expressed as means Ϯ SE obtained from at least three independent experiments. Statistical analysis was performed using one-way ANOVA for comparison between multiple groups and post hoc analysis using Student-Newman-Keuls multiplecomparison tests using GraphPad Prism 4 software. Statistical comparisons between two groups were performed by the Student's t-test. Statistical significance was assigned to values of P Ͻ 0.05.
RESULTS
High glucose increases protein synthesis and expression of laminin ␥ 1 and fibronectin. High glucose increased protein synthesis significantly by 40% following incubation for 3 days (P Ͻ 0.001, Fig. 1A ). However, equimolar mannitol did not affect protein synthesis (Fig. 1A) , suggesting that the high glucose effect was not by an osmotic mechanism. To determine the effect of high glucose on ECM protein synthesis, serumstarved GECs were incubated with or without 30 mM glucose for the time shown. Immunoblotting with specific antibodies showed a significant increase in contents of laminin ␥ 1 (P Ͻ 0.05, 24 h and P Ͻ 0.01, 48 h) and fibronectin (P Ͻ 0.05, 24 and 48 h) matrix proteins in high-glucose-treated cells compared with control cells incubated in 5 mM glucose (Fig. 1B) . The increase in ECM proteins was seen at 24 h and lasted for up to 48 h. There was no change in matrix protein synthesis following incubation with 5 mM glucose ϩ 25 mM mannitol medium [Supplemental High glucose promotes phosphorylation of UBF, Erk1/2 MAP kinase, and p70S6 kinase. UBF is one of the key components of the RNA Pol I transcription initiation complex. Phosphorylation of UBF is required for its association with Pol I to form the rDNA transcription preinitiation complex in the nuclear compartment (43) . Analysis of nuclear extracts from high-glucose-treated GECs showed increased phosphorylation of UBF at Ser 388 at 24 h, and this effect persisted for 48 h (P Ͻ 0.05, Fig. 2A ). We investigated the identity of kinases involved in UBF phosphorylation. Previous studies have implicated Erk1/2 MAP kinase (39) and/or p70S6 kinase (10) in UBF phosphorylation. Immunoblotting showed that high glucose increased phosphorylation of Erk (Fig. 2B ) in the nuclear fractions at 24 h (P Ͻ 0.05) and 48 h (P Ͻ 0.01). High glucose also augmented Thr 389 phosphorylation of nuclear p70S6 kinase at the same time (P Ͻ 0.05, Fig. 2C ). Because Thr 389 site on p70S6 kinase is phosphorylated and activated by mTOR, these data suggested that the Erk and mTOR/p70S6 kinase axis may be involved in high glucose regulation of UBF phosphorylation. These data also showed that high glucose promotes nuclear localization of phosphorylated Erk and p70S6 kinase in the GEC. It has been previously reported that a significant part of cytoplasmic Erk moves to the nucleus following stimulation, which may facilitate its access to nuclear substrates and allow for nuclear protein-protein interaction (46) . Thus our data suggest that nuclear localization of phosphorylated, active Erk and p70S6 kinase in high-glucose-treated cells would help the kinases reach their potential substrate, UBF.
High glucose induction of UBF phosphorylation and laminin synthesis requires Erk and p70S6 kinase activation. We investigated if Erk and mTOR/p70S6 kinase activation is required for UBF phosphorylation at Ser 388 . GECs were preincubated for 1 h with or without U-0126, a MEK inhibitor, or, rapamycin, an mTOR complex 1 (mTORC1) inhibitor, which leads to inhibition of mTOR-mediated phosphorylation of p70S6 kinase; cells were then incubated with high glucose for 24 h. Immunoblotting of nuclear lysates showed significant abrogation of high-glucose-induced UBF phosphorylation with either inhibitor (P Ͻ 0.05, Fig. 3, A and B) . This was associated with inhibition of the high-glucose-induced increase in laminin ␥ 1 synthesis in the cytosolic compartment (P Ͻ 0.05, Fig. 3, A  and B) by both Erk and p70S6 kinase inhibitors. These data are consistent with the requirement for Erk and p70S6 kinase activation for high-glucose-stimulated UBF phosphorylation in the nuclear compartment. Requirement for activation of Erk and p70S6 kinase for high-glucose induction of UBF phosphorylation and laminin ␥ 1 synthesis was further confirmed by expression of dominant-negative Erk or kinase-dead p70S6 kinase. Inactive mutant expression abrogated induction of UBF phosphroylation and laminin ␥ 1 synthesis by high glucose (Fig.  3, C and D) .
To determine if activation of UBF is required for induction of laminin ␥ 1 synthesis by high glucose, we transiently transfected GECs with a transcriptionally inactive phosphorylation mutant of UBF (UBF-S388G). High glucose stimulated laminin ␥ 1 synthesis in cells that were transfected with an empty vector (P Ͻ 0.01 compared with control, Fig. 3E ) but not in cells expressing the inactive mutant of UBF (P Ͻ 0.01 compared with vector ϩ glucose, Fig. 3E ). Because laminin ␥ 1 increment induced by high glucose was abrogated by inhibition of nuclear Erk and p70S6 kinase and by the expression of inactive UBF mutant, these data suggest that UBF-mediated rDNA transcription contributes to high-glucose-induced laminin ␥ 1 synthesis in the GEC, implying the need for an increase in ribosomal biogenesis.
High-glucose regulation of p19ARF-UBF complex and association of UBF with the RPA194 subunit of Pol I. p19ARF keeps UBF in a complex making it unavailable for phophorylation, thus inhibiting rRNA generation (1, 40) . Immunoblotting of nuclear extracts from GECs treated with high glucose showed a decrease in the content of p19ARF protein in nuclear preparations compared with control cells incubated with 5 mM glucose (Fig. 4A) ; the reduction was seen at 24 h (P Ͻ 0.05) and lasted for up to 48 h (P Ͻ 0.05). Concomitant with the reduced amount of p19ARF, immunoprecipitation of high- GECs transfected with inactive dominant-negative (DN) mutant of Erk and kinase-dead p70S6 kinase mutant, respectively, followed by treatment with 30 mM glucose for 24 h. Equal amounts of nuclear extracts were resolved on SDS-PAGE and immunoblotted with phosphospecific antibodies for UBF1, Erk, and p70S6 kinase. Total cell lysates were probed for laminin ␥1 content by immunoblotting. Lamin b and actin immunoblot analysis of the same samples was performed to assess loading in nuclear extracts and total lysates, respectively. Immunoblotting for hemagglutinin (HA) (D, top) was performed to assess transfection efficiency. Representative blots from 3 independent experiments are shown, and histograms represent means Ϯ SE from 3 experiments. Statistically significant differences are indicated by #P Ͻ 0.05, †P Ͻ 0.01, and *P Ͻ 0.001 by ANOVA. E: laminin ␥1 synthesis induced by high glucose requires UBF1 phosphorylation. GEC were transfected with 1 g of a transcriptionally inactive UBF1 mutant (S388G)/well or an empty vector (Vec) without the construct as control and allowed to grow for 24 h. Cells were treated with or without 30 mM glucose for 24 h, and laminin ␥1 protein was detected as described in Fig. 1B . Immunoblotting for actin (middle) and FLAG (bottom) was performed to assess loading and transfection efficiency, respectively. A representative blot from 4 experiments is shown along with quantitative data from all experiments ( †P Ͻ 0.01 by ANOVA).
glucose-treated nuclear extracts with UBF antibody and immunoblotting with p19ARF antibody showed a Ͼ70% decrease in association of UBF with p19ARF at both 24 and 48 h (P Ͻ 0.01, Fig. 4B ). These changes were in concordance with the temporal profile of increase in UBF phosphorylation ( Fig. 2A) .
Previous studies have shown that UBF interacts with RNA Pol I subunits to facilitate formation of the transcription preinitiation complex (43) . We examined if high glucose induced association of activated UBF with RPA194, a subunit of RNA Pol I, at the time when it stimulated general protein synthesis and augmented synthesis of matrix proteins. Immunoprecipitation of nuclear extracts with RPA194 antibody and immunoblotting with antibody against UBF showed that high glucose increased association of UBF with RNA Pol I by nearly twofold, starting at 24 h (P Ͻ 0.05) and persisting for at least 48 h (P Ͻ 0.01) (Fig. 4C ). These data demonstrate that high glucose promotes formation of the rDNA transcription initiation complex containing RNA Pol I and UBF.
High glucose induces rDNA transcription that requires activation of UBF, Erk, and mTOR/p70S6 kinase. Transcription of rDNA was studied employing GEC transfected with a reporter plasmid containing rDNA promoter driving IRESluciferase fusion gene. Incubation of GECs with high glucose significantly augmented luciferase activity (Fig. 5A , P Ͻ 0.001), demonstrating an increase in rDNA transcription. Because UBF phosphorylation is required for laminin ␥ 1 synthesis, suggested the need for ribosomal genesis to augment synthesis of laminin, we examined the effect of cotransfection of UBF S388G mutant with rDNA-IRES-Luc in GECs treated with high glucose. As shown in Fig. 5B , high-glucose-induced rDNA transcription (P Ͻ 0.001) was abrogated following coexpression of inactive UBF construct (P Ͻ 0.001). Although expression of UBF mutant decreased basal rDNA transcription, it did not achieve statistical significance. To determine if UBF-mediated rDNA transcription is dependent on Erk and p70S6 kinase activation, GECs were cotransfected with empty vector, dominant-negative Erk mutant, or kinase-dead p70S6 kinase construct and rDNA transcription reporter construct. High-glucose-induced rDNA transcription was abrogated in cells expressing inactive mutants of Erk (P Ͻ 0.001, Fig. 5C ) and p70S6 kinase (P Ͻ 0.05, Fig. 5D ). We observed similar changes when the cells were pretreated with rapamycin and U-0126, chemical inhibitors of mTOR/p70S6 kinase and Erk, respectively (Supplemental Fig. S2 ). Because p70S6 kinase is directly activated by mTORC1, data with rapamycin are consistent with the requirement for activation of p70S6 kinase for induction of rDNA transcription by high glucose. Taken together, these studies demonstrate that high-glucose-induced rDNA transcription is dependent on phosphorylation of Ser 388 in UBF and on activation of mTORC1 and Erk.
High-glucose-induced protein synthesis in GEC is dependent on activation of UBF, p70S6 kinase, mTOR, and Erk. To further explore the role of signaling events stimulated by high glucose on protein synthesis, GECs were transfected with either empty vector plasmids or with respective inactive constructs for UBF, Erk, mTOR, and p70S6 kinase. High glucose stimulated protein synthesis in cells transfected with vector alone; expression of the inactive constructs abrogated the Fig. 4 . A: high glucose induces loss of p19ARF in nuclear compartment. GEC were treated as described in Fig 2. Immunoblotting (IB) with antibody against p19ARF showed that high glucose reduced the nuclear content of p19ARF, a UBF1-associated protein, at 24 and 48 h. B and C: high glucose dissociates UBF-p19ARF complex and promotes association of UBF with RPA194 of Pol I. Equal amounts of protein (200 g) from nuclear extracts immunoprecipitated (IP) with UBF1 antibody (B) or RPA194 antibody (C) were separated by SDS-PAGE and immunoblotted with an anti-p19ARF antibody or with an anti-UBF1 antibody, respectively. Immunoblotting with UBF1 and RPA194 antibodies was performed to assess loading (B and C, top). Note that high glucose augmented UBF-p19ARF dissociation and UBF-RPA194 association in the nucleus. Histograms represent means Ϯ SE from 4 independent experiments. Significant differences between control and high-glucose-treated cells are indicated by #P Ͻ 0.05 and †P Ͻ 0.01 by ANOVA.
response to high glucose (Fig. 6, A-D) . We examined the converse effect of constitutively active UBF on protein synthesis. Expression of S388D active mutant of UBF1 alone mimicked the effect of high glucose on protein synthesis (P Ͻ 0.001, Fig. 6E ). Furthermore, UBF1 S388D produced an additive effect on protein synthesis in cells treated with high glucose (P Ͻ 0.001, Fig. 6E) .
UBF phosphorylation is increased in hypertrophic kidneys from diabetic rodents. We investigated the status of UBF phosphorylation in nuclear extract prepared from kidney tissues of type 1 diabetic rats on day 4 after onset of hyperglycemia and type 2 diabetic db/db mice at 2 wk of hyperglycemia. At this time point, renal hypertrophy is seen in rodents with type 1 or type 2 diabetes (21, 36) and increase in renal cortical laminin expression in renal cortex of mice with type 2 diabetes (36) . Clinical data, including blood glucose levels on these rodents, have been previously reported (21, 36) . Kidney cortical nuclear extracts from mice with either type 1 or type 2 diabetes showed an increase in Ser 388 phosphorylation of UBF (Fig. 7 , A and C) compared with their respective control mice kidneys. Immunofluorescent staining of kidneys from control and diabetic mice was done using phospho-UBF (Ser   388   ) antibody. UBF phosphorylation was increased in GECs and mesangium in mice with type 2 diabetes (Fig. 8, A vs. D) compared with nondiabetic control mice. Double immunostaining with anti-synaptopodin and anti-phospho UBF showed overlap, demonstrating localization of UBF phosphorylation to the podocyte. This was in agreement with the in vitro data on GECs incubated with high glucose.
Phosphorylation of UBF was associated with an increase in phosphorylation of Erk in the renal cortex of mice with type 2 diabetes (Fig. 7D ) and p70S6 kinase in rodents with either type 1 or type 2 diabetes (Fig. 7, B and E, respectively) . We have previously reported an increase in Erk activity in the renal cortex of rats with type 1 diabetes at this time (21) . Collectively, these results demonstrate that hyperglycemia leads to UBF phosphorylation, suggesting it leads to rDNA transcription, which would be required for induction of both renal hypertrophy and the increase in laminin synthesis in diabetic animals. Furthermore, these changes correlate with activation of Erk and p70S6 kinase in the kidney in diabetes. Figure 9 depicts the scheme proposed for the regulation of global and matrix protein synthesis at the level of rDNA transcription by high glucose in glomerular epithelial cells.
DISCUSSION
Our data show that high glucose augments rDNA transcription by 24 h preceding the increase in de novo protein synthesis in GECs. High glucose stimulates rDNA transcription and matrix protein expression via phosphorylation and activation of UBF, a nucleolar factor that regulates rDNA transcription in an Erk-and p70S6 kinase-dependent manner. Nuclear content of p19ARF, which complexes with UBF and keeps it inactive, is decreased by high glucose. High glucose promotes dissociation of UBF from p19ARF and facilitates increased association of UBF with RPA194, a subunit of RNA Pol I, leading to stimulation of rDNA transcription. Furthermore, phosphorylation of UBF on Ser 388 and activation of Erk and mTORC1/ p70S6 kinase are required for rDNA transcription, stimulation of general protein synthesis, and enhancement of laminin ␥ 1 synthesis induced by high glucose. Thus high glucose promotes ribosomal biogenesis facilitating an increase in general protein synthesis and synthesis of matrix protein, laminin ␥ 1 in the GEC. Augmented UBF phosphorylation and its localization to the podocyte, and activation of kinases involved in UBF phosphorylation, Erk, and p70S6 kinase, were also found in the renal cortex of rodents with type 1 and type 2 diabetes, suggesting induction of ribosomal biogenesis in vivo in the kidney in diabetes. 5 . A and B: high glucose augments rDNA transcription, which requires activation of UBF. GECs were transfected with rDNA-IRES-Luc reporter construct alone (A) or cotransfected with UBF S388G inactive mutant or an empty plasmid vector (B) for 24 h; they were then incubated with or without high glucose for an additional 24 h. The cells were harvested at the end of experiment, and lysates were subjected to luciferase activity assay as described in MATERIALS AND METH-ODS. rDNA-IRES-Luc activity measured as arbitrary units/mg protein was expressed as %control. Composite data from 4 -6 experiments done in triplicates are shown in histograms. *P Ͻ 0.001, by ANOVA (B). Student's t-test was employed to assess changes between 2 groups (A). C and D: Erk and mTORC1 activation is required for highglucose-stimulated rDNA transcription in GEC cells. GECs were cotransfected with rDNA-IRES-Luc reporter construct and empty vector or inactive mutants of Erk (C) or p70S6 kinase (D) followed by treatment with or without high glucose. Luciferase activity assay was performed as described in A. Composite data from 4 experiments are shown in histograms. *P Ͻ 0.001 and #P Ͻ 0.05, by ANOVA.
Stimulation of protein synthesis can be considered to involve two distinct events: an increase in efficiency of translation and an increase in capacity for translation. While the former is extensively studied in the form of regulation of eukaryotic initiation and elongation factors, capacity for translation, which involves ribosomal biogenesis, is not well understood. When the resting cell is stimulated, it can recruit an existing population of ribosomes to increase protein synthesis. Thus it is estimated that, in norepinephrine-induced cardiomyocyte hypertrophy, ϳ90% of the pool of existing ribosomes is engaged in protein synthesis (29) . However, for a sustained increase in protein synthesis, de novo ribosome biogenesis is required. There are several mechanisms by which production of ribosome can be stimulated and are probably distinct for its two components, i.e., rRNA and ribosomal proteins. For instance, increased expression of UBF has been correlated with increased rDNA transcription (rRNA production) and hypertrophic growth in cardiomyocytes (2, 11). However, high glucose did not change the content of UBF or RNA Pol I proteins in the GEC ( Fig. 2A) . Data from this study show that high glucose regulates rDNA transcription via UBF activation by phosphorylation on Ser 388 . This is supported by inhibition of highglucose induction of both laminin ␥ 1 synthesis and rDNA transcription by expression of inactive mutant of UBF that cannot be phosphorylated on Ser 388 (S388G). Increased ribosomal biogenesis should assist induction of general protein synthesis by high glucose in the GEC. This is supported by our data showing that expression of constitutively active UBF was sufficient by itself to stimulate basal protein synthesis and further augmented high-glucose-induced protein synthesis (Fig. 6E) . Furthermore, expression of S388G mutant abolished high-glucose induction of protein synthesis (Fig. 6A) , suggesting that protein synthesis induced by high glucose requires an increase in ribosomal production in GEC. Augmented protein synthesis induced by high glucose results in GEC hypertrophy (21) . GEC hypertrophy is a major manifestation of diabetic renal injury (19) . It has been correlated with podocyte apoptosis in both diabetes (41) and in the model of subtotal nephrec- tomy (20) . High-glucose stimulation of the laminin ␥ 1 chain by the GECs contributes to matrix accumulation and thickening of the glomerular basement membrane, a characteristic feature of diabetic kidney disease (18) .
Having established that Ser 388 phosphorylation-mediated activation of UBF is a necessary condition for rDNA transcription in high-glucose-treated GEC, we next examined upstream kinases that may control UBF phosphorylation. Activation of Erk and p70S6 kinase was seen with rDNA transcription and UBF phosphorylation. In addition to indicating activation of p70S6 kinase, Thr 389 phosphorylation of that kinase also provided evidence of mTORC1 activation (12) . Corroborating the in vitro data in high-glucose-treated GEC, kidney cortex from type 1 and type 2 diabetic mice also showed increased Ser 388 phosphorylation of UBF and its upstream regulators Erk and p70S6 kinase. Gallagher and Cobb (5) have demonstrated that UBF is phosphorylated by Erk1/2 MAP kinases. Erk activity is required not only for induction of transcription of rDNA but also for transcription of ribosomal protein genes, and the mechanism involves UBF phosphorylation (35) . In addition to Erk, mTOR via p70S6 kinase controls several steps of ribosome biogenesis, including gene expression of rRNA and ribosomal proteins and processing of the 45S rRNA precursor (10, 26) . Inhibition of high-glucose induction of UBF phosphorylation and laminin ␥ 1 synthesis by rapamycin and kinase-dead mutant expression demonstrates requirement of mTORC1 and p70S6 kinase for these events. This is consistent with our previous reports that high glucose promotes the phosphatidylinositol 3-kinase (PI 3-kinase)-protein kinase B-mTOR axis in both the GECs and the renal proximal tubular epithelial cells (21, 23, 25) . In our study, inhibition of either Erk or p70S6 kinase blocked UBF phosphorylation, rDNA transcription, general protein synthesis, and laminin ␥ 1 synthesis induced by high glucose. These data suggest the possibility that Erk and mTORC1 may share a common signaling pathway. In renal proximal tubular epithelial cells, high-glucose stimulation of Erk is dependent on PI 3-kinase activation (25) . A similar regulation of Erk by PI 3-kinase may also operate in the GEC exposed to high glucose. Signaling reactions involved in high-glucose induction of ribosomal production in the GECs are summarized in Fig. 9 . Fig. 7 . Phosphorylation of UBF1, Erk, and p70S6 kinase is increased in the renal cortex of rodents with type 1 and type 2 diabetes. Rats were administered with streptozotocin to induce type 1 diabetes. On day 4 of hyperglycemia, they were killed. C57BL6/KsJ db/db mice with type 2 diabetes were killed at 2 wk of hyperglycemia. Equal amounts of renal cortical nuclear extracts from control and diabetic rodents were separated by SDS-PAGE and immunoblotted with antibodies against phospho-UBF1, phospho-Erk, and phospho-p70S6 kinase (A-E). Immunoblotting with antibodies against lamin b, actin, and Erk was done to show purity of the nuclear preparation and assess loading. Each lane in the blot represents material from an individual animal, and composite data from control and diabetic rodents are shown in a histogram. Statistical significance between the two groups is shown as #P Ͻ 0.05 and †P Ͻ 0.01, by Student's t-test, diabetes vs. control.
It is important to note that high glucose regulates several aspects of mRNA translation. High glucose promotes phosphorylation of 4E-binding protein 1 and eukaryotic initiation factor 4E in renal proximal tubular epithelial cells; both of these events have been implicated in augmenting the efficiency of translation (14, 23, 25) . By stimulating rDNA transcription, high glucose augments the capacity for translation. Thus coordination between these aspects facilitates hypertrophy of renal cells and increase in specific proteins such as laminin. Ouellette et al. (33) have shown that rDNA transcription increased two-to threefold following unilateral nephrectomyinduced compensatory hypertrophy. RNA Pol I activity is increased during hypertrophy in neonatal cardiomyocytes (11, 30) and skeletal muscle (31) . Thus augmented ribosomal biogenesis accompanies renal and cardiac growth in both physiological and pathological settings.
In conclusion, we report, for the first time, that highglucose-induced Pol I-and UBF-mediated rDNA transcription to synthesize rRNA enhances protein synthesis and laminin ␥ 1 synthesis in the GECs. This contributes to renal hypertrophy and matrix protein accumulation in rodents with type 1 or type 2 diabetes. Our data delineate the signaling mechanism by which high glucose induced rDNA transcription to augment translational capacity, culminating in increased protein synthesis and matrix protein increment in GECs. These data contribute to our understanding of the mechanisms underlying kidney hypertrophy and matrix expansion in diabetic kidney disease.
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